Nonlinear harmonic generation can be a very useful and important phenomenon for single-pass freeelectron lasers (FELs) operating in the high-gain regime. Strong bunching at the fundamental wavelength and its associated higher harmonic content allow significant radiation at shorter wavelengths to be emitted without serious effects upon the output power at the fundamental. Here, we analyze the relative sensitivities to beam quality variations of the output fundamental and harmonic powers for a visiblewavelength FEL operating in the high-gain regime.
I. MOTIVATION
There is a growing consensus that the next-generation, high-brightness light sources will be based upon singlepass, high-gain, free-electron lasers (FELs) [1] . One method to achieve ultrashort wavelength (l ϳ a few Å) FELs for which traditional mirror technologies fail is to use self-amplified spontaneous emission (SASE) [2] . SASE originates from the random longitudinal bunching on an electron beam that is traversing a dipole undulator magnet array. The central emission radiation wavelength is related to the electron beam energy and the strength of the undulator device. Among the various methods to reach shorter wavelengths at somewhat lower electron beam energies are those that exploit effects that drive coherent bunching at higher harmonics. These include nonlinear harmonic bunching in single-undulator FELs operating in the exponential gain regime [3] starting from either SASE or a weak input signal; the high-gain harmonic generation (HGHG) scheme [4] , that starts from a much stronger input signal and relies upon klystron-like energy modulation and subsequent bunching; and the two-undulator *Corresponding author. Also at MAX-Laboratory, University of Lund, Lund, Sweden, SE-22100. harmonic generation scheme [5] , which starts from SASE or a weak "master oscillator" input signal and then changes resonant wavelength to that corresponding to a higher harmonic well before the nominal saturation point. These approaches are similar in that they all require high-brightness, moderately high-energy electron beams, and high field quality undulators.
In this paper, we are concerned with nonlinear harmonic generation in the exponential gain regime of single-pass, high-gain FELs because it appears to be a promising way to produce significant radiation power at shorter wavelengths with minimal changes to the required electron beam parameters or undulator configuration. In this process, exponentially growing bunching at the fundamental wavelength leads to collateral, exponentially growing bunching at higher harmonics (both odd and even) and, eventually, nearly simultaneous saturation of both the fundamental and higher harmonic output radiation powers. For radiation emission, the odd harmonics are favored as they couple most effectively to the natural undulating motion of the electron beam through a linearly polarized undulator. Nonlinear harmonic bunching and radiation could itself be the desired final output, or, alternatively, serve as a seed for further FEL amplification at shorter wavelengths [6] . Optimization of nonlinear harmonic generation may influence the design of future light sources operating in the vacuum ultraviolet to x-ray regions of the spectrum and is therefore of great interest.
Our group has used three different and quite distinct numerical simulation codes to investigate the impact of electron beam quality (i.e., emittance, energy spread, and peak current) upon the predicted nonlinear harmonic output, choosing base parameters corresponding to the first phase of the Low-Energy Undulator Test Line (LEUTL) SASE FEL at the Advanced Photon Source (APS) at Argonne National Laboratory (ANL) [7] . Since nonlinear harmonic radiation generation is driven by the higher harmonic content of the strongly growing bunching at the fundamental wavelength, we expect that the sensitivity of the final harmonic output to beam quality, when compared to that of the fundamental, should not be extraordinarily great. This assertion is in contrast to earlier thoughts [8] that extrapolated upon earlier experience concerning harmonic output in the low-gain regime [9] .
II. CODE DESCRIPTIONS

A. GINGER
GINGER [10] is a multidimensional [3D macroparticle, 2D (r-z) radiation field], polychromatic FEL simulation code. The equations of motion are averaged over an undulator period following the standard Kroll-Morton-Rosenbluth [11] formulation while an eikonal approximation in time and space is used for field propagation. For nonwaveguide simulations, GINGER uses an expanding radial grid whose spacing is approximately constant near the origin but grows exponentially near the outer boundary. For polychromatic SASE simulations, GINGER can be initiated with either electron beam shot noise or, alternatively, photon noise. In monochromatic mode (which is true for nearly all the results presented here), the radiation is presumed to be at a single discrete wavelength. Macroparticle bunching in the longitudinal plane can be diagnosed through approximately the ninth harmonic (with accuracy dependent upon macroparticle statistics); however, GINGER presently calculates and propagates radiation only within a bandpass centered upon the fundamental wavelength. Thus, the effects of any emitted harmonic radiation upon the electron beam are ignored; that, in general, is a good approximation up to saturation.
B. MEDUSA
MEDUSA [12] is a 3D, multifrequency, macroparticle simulation code that represents the electromagnetic field as a superposition of Gauss-Hermite modes and uses a source-dependent expansion to determine the evolution of the optical mode radius. The field equations are integrated simultaneously with the 3D Lorentz force equations. MEDUSA differs from the other nonlinear simulation codes in that no undulator-period average is imposed on the electron dynamics. It is capable of treating quadrupole and corrector fields, magnet errors, and multiple segment undulators of various quantities and types. MEDUSA is able to treat the fundamental and all harmonics simultaneously. Because of this feature, MEDUSA is also capable of treating the full SASE problem at the fundamental and harmonics.
C. PROMETEO
PROMETEO [13] is a 1D, multiparticle code based on a modified version of the Prosnitz, Szoke, and Neil formulation of FEL dynamical equations [14] . The original model has been generalized to include the effect of beam emittance and the undulator errors. The code is capable of accounting for the evolution of the fundamental harmonics and for the coherent generation of higher-order harmonics in SASE or oscillator FELs, including the optical klystron and segmented undulators.
III. RESULTS
The case study for the nonlinear harmonic generation sensitivity is the first phase of the LEUTL SASE FEL with the nominal parameters given in Table I . We began by finding the optimal operating fundamental wavelength by making scans versus wavelength to find the minimum exponential gain length. For simplicity, we adopted a single-segment undulator with curved pole-face focusing, even though the actual LEUTL configuration has 2.4-m undulator sections separated by 0.36-m drift spaces used for external focusing, beam offset adjustment using corrector magnets, and electron and optical beam diagnostics. We also injected an input power at the fundamental of 1 W and used an electron beam with a Gaussian profile in transverse phase space. Table II lists the optimum wavelength for maximal gain as determined by each of the three codes, while Table III gives the predicted radiation power at saturation. The effective FEL parameter r ϳ 0.0021, which is useful for comparison with the energy spread and normalized emittance scans. Next, we compared the output of the higher harmonics. As stated previously, GINGER calculates the output power at only the fundamental but can diagnose the electron beam bunching for higher harmonics, while MEDUSA and PROME-TEO can calculate both the fundamental and the higher harmonic powers. To lowest order, the power ratios should scale as the square of the bunching ratio. For this analysis, we first determined the z-locations of saturation of the fundamental bunching or output power; in general, the peak in bunching occurs ϳ 1 2 1 gain length before the saturated power position. Then, values of the harmonic bunching or output power were calculated at this same location. Note that the harmonics do not necessarily saturate at the same point where the fundamental saturates due to the differences in the variations of phase-space rotations of the sub-microbunching. As a result, the powers quoted for the harmonics do not necessarily correspond to the points at which the harmonic emission is greatest, and this can introduce some fluctuations in the harmonic output as functions of emittance, energy spread, and beam current. In the following graphs, we plot the ratios of the harmonic-tofundamental bunching or output power versus a varying beam parameter, centered around the nominal LEUTL value. Obviously, if these ratios remain more or less constant, the harmonics are not particularly more sensitive than the fundamental to the electron beam quality.
A. Emittance scans
For the emittance sensitivity scans, the normalized emittance was varied between 1 and 10 p mm mrad, which leads to the required saturation distance approximately doubling. In Figs. 1(a) and 1(b) GINGER results are shown for the ratio of the bunching fraction at the even and odd harmonics relative to that corresponding to the fundamental wavelength, respectively, up to harmonic number h 7. In Figs. 2(a) and 2(b) MEDUSA results are shown for the ratio of output power of the even and odd harmonics relative to that emitted at the fundamental, respectively, up to h 7 also. In Fig. 3 the PROMETEO results are shown for the power ratios of the odd harmonics to the fundamental up to h 5. Over this limited range, none of these ratios show significant sensitivity to emittance with the exception of the predicted power at the second harmonic as calculated by MEDUSA.
B. Energy spread scans
For the energy spread scans, the initial electron beam energy spread (Gaussian distribution) was varied between 0.0 and 0.2%, which increased the required saturation distance by ϳ75%. Figures 4(a) and 4(b) display the GINGER predictions for the bunching ratios of the even and odd harmonics to the fundamental, respectively, up to h 7. Figure 6 shows the PROM-ETEO results for the power ratios of the odd harmonics to the fundamental up to h 5. The overall results suggest that, for harmonic numbers h 5 and smaller, there is not a dramatic loss of bunching or output power for normalized energy spreads over the interval 0.0 to FEL parameter r ϳ 0.002. The GINGER and PROMETEO curves suggest that the higher harmonics tend to be somewhat more sensitive to increased energy spread although the MEDUSA curves show no clear trend in this regard. 
C. Electron beam current scans
For the electron beam current scans, the current was varied between 75 and 300 A. The required distance for saturation is approximately halved over this interval. Figures 7 (a) and 7(b) display the GINGER results for the bunching of the even and odd harmonics with the fundamental, respectively, up to h 7. Figures 8(a) and 8(b) present the MEDUSA results for the powers of the even and odd harmonics with the fundamental, respectively, up to h 7. Here, too, there is no dramatic gain in bunching (all harmonics) or output power (for the odd harmonics), although the MEDUSA-predicted powers for the second and fourth harmonics climb rapidly over the current range of 75 to 200 A. Since the FEL parameter r scales only as the one-third power of current, it is not too surprising that there are no catastrophic falloffs of either harmonic bunching or output power over this limited range.
D. Bunching results for a SASE-initiated run
All of the previous results were "amplifier" runs initiated with a weak, totally temporally coherent signal. In order to examine the sensitivity of the predicted bunching to the nature of the input (i.e., true SASE noise versus monochromatic input), we did a relatively long pulse (1.5 ps or about twice the slippage time up to first saturation), fully time-dependent GINGER run initiated with shot noise using the nominal LEUTL parameters of Table I . As shown in Fig. 9 , the peak time-averaged bunching at the fundamental and harmonics occurs at z ϳ 15 m with values quite similar to those seen, for example, in Fig. 4 as also expected from the 3D theory [15] . As is typical for SASE runs, the time-dependent bunching is somewhat "spiky" although the relative fluctuation level (when compared to the time-averaged value) lessens as one approaches saturation. Hence, we believe that the sensitivity studies of the previous paragraphs are likely to hold for the SASE-initiated, exponential growth regime.
IV. CONCLUSION
For LEUTL-like parameters in the exponential gain regime, the predicted bunching and output power for harmonics up to h 7 appear to be only moderately more sensitive to electron beam qualities of normalized emittance, energy spread, and peak current than the corresponding quantities at the fundamental wavelength. The underlying reason for this lack of sensitivity in the exponential gain regime is that bunching at higher harmonics is coupled nonlinearly to the growing bunching at the fundamental. Hence, so long as a large fraction of the 030701-5 030701-5 beam's electrons end up deeply trapped in the FEL's ponderomotive well at the saturation point, there will simultaneously be a large harmonic content to this bunching. If the particles are not deeply trapped, it is likely that gain at the fundamental has been significantly degraded, and the FEL will not operate anywhere close to optimum. Also note here that the ratios will vary slightly if the analysis is modified by taking the bunching or output power of the harmonics at their own saturation points. This is the next point of investigation for our group, as well as examination of the shorter wavelength regimes.
Experimentally, a number of measurements have been made recently of harmonic output of high-gain harmonic generation and SASE FELs. In the following experiments, the nonlinear harmonic components were dominant. The first, second, and third harmonic intensities were measured in August 2000 at the ANL/BNL collaborative experiment of high-gain harmonic generation at the ATF at BNL [16] . Spectral measurements of the harmonic intensities in a SASE FEL were made at the Institute of Scientific and Industrial Research in Osaka University, Japan [17, 18] . At the LEUTL SASE FEL, the fundamental and second harmonic intensities, spectra, and coherent transition radiation (CTR) were all measured separately as a function of distance in the exponential gain regime through the undulator line to saturation and beyond. We have also measured the fundamental and second nonlinear harmonic spectra simultaneously [19] . The VISA SASE FEL collaboration reported measuring the fundamental, second, and third nonlinear harmonic spectra at the point of the fundamental saturation simultaneously. Also, they reported measuring the fundamental, second, and third nonlinear harmonic intensities as a function of distance. Finally, they reported correlating the fundamental and second harmonic CTR with the SASE energy at the point of fundamental saturation (at the end of the undulator) [20] . Nonlinear harmonic generation can be an important aid to achieving shorter wavelengths in next-generation light sources, especially since their growth and eventual saturation vary along with the fundamental bunching. In other words, if the bunching is sufficient at the fundamental, the bunching approaching saturation for the higher harmonics will also be sufficient.
